This paper deals with the X-radiation from television receivers and video display terminals. The bremsstrahlung production rate was calculated according to the thick target theory, and the transmitted X-radiation was measured by the spectrometry method. The calculated and the measured results were compared and discussed. In addition, evidences were shown that only the highest energy component of the bremsstrahlung can penetrate the cathode ray tube.
INTRODUCTION
It has long been realized that any electronic tube operating at a potential above a few kV may be a source of X-radiation. The increasing use of television receivers (TV) and video display terminals (VDT) also increases the public concern about the radiation health effect.
The current standard for X-ray emission from electronic products requires that the exposure rate at any accessible point 5 cm from the surface shall not exceed 0.5 mR/hr averaged over 10 cm2.
In May 1967, a major manufacturer of color TV announced that 90,000 large screen receivers would be recalled and modified in order to comply with the recommended limit of 0.5 mR/hr.1) This action prompted the X-ray investigation of color TV in many countries.
Investigations in the late 1960's did find that many color TVs were emitting X-rays above the limlt.2, 3) Since 1970, technical modifications to color TV have substantially reduced the transmitted X-ray. Most of the investigations showed that it was negligible. [4] [5] [6] Even though, measurement of the transmitted X-ray is still an important step of the quality control process in the CRT manufacturing factory.
In Et=0.7x10-6ZT2A
where Et: total bremsstrahlung production rate (keV/sec) Z:
atomic number of the target T:
the initial kinetic energy of the electron (keV) A:
current (e/sec)
The initial kinetic energy of the electron in keV is just equal to the accelerating voltage of the CRT in kV. With the assumption that a VDT operated at 32 kV and 1,200 1tA, which is slightly higher than the normal condition, the bremsstrahlung production rate will be 6.2 x 1013 keV/sec. Comparing with a monoenergetic 10 keV source, the screen inside the front glass can be roughly estimated as equivalent to a source of 6. 2 x 1012 Bq (167Ci), and the distribution of the photon fluence rate can be calculated as shown in Fig. 1 (a) . 11) Of course, the X-radiation will be attenuated by the CRT. To estimate the photon fluence rate in front of the CRT, it is assumed that the CRT is a disk source (Fig. 2 ) and the bremsstrahlung is emitted isotropically. The differential fluence rate, dI, at point P from the differential area 2irrdr is:12) 
and
where I: the transmitted photon fluence rate on disk axis and h the distance from the CRT (photon/cm2s) I0:
the produced photon fluence rate inside the CRT (photon/cm2s)
b=Pgd+Pah, where ug and Pa are the attenuation coefficients (cm-1) of the glass and the air, d is the thickness (cm) of the front glass, and h is the distance from CRT to point P.
For a typical 50.8cm (20 in.) color VDT, the thickness of the front glass is about 1.4cm. At the point on disk axis and 5 cm in front of the CRT, 01 is about 80. Then, the transmitted photon fluence rate can be calculated as shown in Fig. 1 (b) .
Most of the VDTs are operated at voltage under 30 kV, so the energy of the bremsstrahlung produced should be lower than 30 keV. Since the angular distribution of these low energy X-radiation is mainly at large angles with respect to the path of the electron, 11 the oblique path through the glass is much longer than the thickness of the screen.13) Therefore, the result in Fig. 1 (b) is overestimated and the measurement with proper instrument is preferred.
III EXPERIMENTAL
Figute 3 is the schematic diagram of the measuring system. A thin window NaI(T1) scintillation detector (Harshaw 8SH) coupled with a portable MCA (Canberra Series 10) was used to carry out the X-radiation spectrum measurement. The intrinsic efficiency of the detector was calibrated with 57Co (14.4 keV, 9.5 %), 109Cd (23 keV, 102%), and 241Am (59, 6 keV, 36 %). The result is shown in Fig. 4 . Tt is about 100% in the energy range from 23 to 30 keV. It will be shown later that the energy of the transmitted X-radiation is about 25-30 keV which lies in the sensitive range of the detector.
The theoretical approach mentioned above shows that CRT will produce a large amount of bremsstrahlung, but most of the investigation shows that the X-radiation emitted is negligible. In order to understand more of its mechanism, voltage and current of a 50.8cm (20 in.) color CRT were raised until obvious X-radiation spectra were detected.
The exposure rates of the emitted X-radiation were calculated according to Eq. exposure rate (uR/hr) Z: the photon fluence rate with energy E4 (photon/cm2s) EZ: the energy of the photon (keV/photon) (Pen/P)i: the mass energy absorption coefficient in the air for the photon with energy F4 (cm2/g)
Since the transmitted X-radiation is nearly monoenergetic, Eq. (5) can be simplified as below:
X=6.6X10-2E([ten/P) (6) The total background counts in 20 min were 2, 400 counts and the area of the detector is 20 cm2. They were substituted into Eq. (5), the lower limited of detection (LLD) was calculated to be 4x10-3cR/hr. 16) It is about 1/2, 800 of the natural background radiation.
IV RESULTS AND DISCUSSION
The transmitted X-radiation spectra at the neck of a 50.8cm (20 in.) CRT are shown in Fig. 5 . It was found that the peak channel shifted toward the right as the voltage increased. It implies that the X-radiation transmitted is mainly the bremsstrahlung but not the characteristic X-radiation. The bremsstrahlung thus produced should be a continuous spectrum, but in Fig. 5 , peaks did appear in the transmitted spectra. The energy of each peak corresponds to the accelerating voltage. Figure 6 indicates the relationship between the resolution of the peaks and its energy. Figute 6 also shows the resolution of peaks from the monoenergetic radiation. It can be seen that the transmitted X-radiation is nearly monoenergetic when the accelerating voltage is 28 kV, and the resolution of the peak was increased as the accelerating voltage was. It means that owing to the very strong filtration of the screen, only the highest energy component of the bremsstrahlung can penetrate the CRT. The lower energy component of bremsstrahlung was almost completely absorbed.
Equation (1) shows that the total bremsstrahlung production is proportional to the second power of the accelerating voltage. Figure 7 shows the relationship between the exposure rate of the emitted X-radiation and the accelerating voltage. Suppose the exposure rate is simply proportional to the pth power of the voltage: The bremsstrahlung is produced inside the front glass. However, the exposure rate at the surface of the front glass is much lower than that at the neck. It is mainly because of the thickness of the glass. Furthermore, the oblique path of the Xradiation also increases the effective thickness of the glass.
Equation (1) also shows that the total bremsstrahlung production is proportional to the first power of the current. Figure S shows the transmitted X-radiation spectra with different currents and fixed voltage. The relationship between the exposure rate and the current is shown in Fig. 9 . Its linear relationship corresponds with the theoretical approach.
The relationship between voltage and current in Fig. 6 Relationship between the resolution of transmitted X-radiation spectra and peak energy. monoenergy photon from sources, x transmitted X-radiation from CRT. In this case the picture appearing on the CRT is shown in Fig. 11 . Table  1 shows the voltage, current and measured X-radiation for some special cases.
In the actual situation, as the abnormal cases happen, the pictures will be distorted. It is unlikely to be overexposed for the viewers or users except for the technicians who are repairing or adjusting the VDT.
V CONCLUSION
By the theoretical calculation, the total bremsstrahlung production rate inside the front glass of a color VDT is about 6.2 x 1013 keV/sec. It can be roughly estimated as a source of 167 Ci which emits 10 keV X-radiation.
By measurements, the amount of transmitted X-radiation is very small. Evidences indicate that only the highest energy component of the bremsstrahlung can penetrate the CRT while the lower energy component is completely absorbed due to 1. The energy of the produced X-radiation is very low, which is easily attenuated in the front glass. 2. The oblique path through the front glass is much longer than the thickness of the screen. The accelerating voltage is the most important factor of the X-radiation transmission. Experiments show that the exposure rate may increase as the 25th power of the voltage approximately. Any increases in voltage, therefore, may increase the X-radiation transmission.
In the past, VDT employed three high voltage electron tubes: the CRT, the high voltage rectifier and the high voltage shunt regulator. Investigation in the late 1960's found that the major reason of the X-radiation was the improper adjustment of the voltage on the high voltage shunt regulator. Today, as a result of advances in solid state technology, the regulator and the rectifier tube are no longer used. Furthermore, the power will be cut off as the voltage increases to the preset limit. These improvements make the transmitted X-radiation negligible.
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